Introduction
partially dependent on Cdc28 activity (Marini et al., 1996; Zarzov et al., 1996) . The G1 phase of the cell cycle of the budding yeast, Protein kinase C isozymes (reviewed in Newton, 1995) Saccharomyces cerevisiae, contains a commitment point, comprise a family of structurally related serine/threonine termed START, after which the cell is committed to a full protein kinases whose activity is stimulated by diacylround of cell division (reviewed in Reed, 1992) . As the glycerol (DAG)/phospholipid and in some cases also cell passes this point and begins the G1-S transition, by calcium. PKC isozymes are involved in intracellular at least three processes are coordinately initiated; bud signaling and have long been implicated in mammalian emergence/polarized surface growth, DNA synthesis (S cell proliferation (Rozengurt et al., 1984; Kaibuchi et al., phase) and duplication of the spindle pole body (Pringle 1985; Persons et al., 1988) , although the mechanism by and Hartwell, 1981) . A key regulator of the G1-S transition which they do so is obscure. The PKC1 gene encodes the is the cyclin-dependent kinase, Cdc28, which associates with its regulatory subunits, including the G1 cyclins budding yeast homolog of mammalian PKC (Levin et al., 1990) . Purified Pkc1 displays a serine/threonine protein kinase activity in vitro (Antonsson et al., 1994; Wantanabe et al., 1994) that is stimulated by phospholipid when the kinase is complexed with the GTP-bound form of the GTPase Rho1 (Kamada et al., 1996) . Genetic evidence also supports the model that Pkc1 is regulated by Rho1 in vivo (Nonaka et al., 1995; Kamada et al., 1996) . Pkc1p regulates a kinase cascade that includes the MAP kinase Mpk1. Mpk1 activity is stimulated by at least two signals, the G1-S transition of the cell cycle and perturbations to cell surface induced by heat and hypoosmotic shocks (Davenport et al., 1995; Kamada et al., 1995; Zarzov et al., 1996) . Mutants defective in the Pkc1 pathway lyse preferentially as small-budded cells either at high temperature, in the case of the MAP kinase cascade components, or at all temperatures, in the case of pkc1Δ mutants (Lee and Levin, 1992; Levin and BartlettHeubusch, 1992; Lee et al., 1993b) . These growth defects can be partially suppressed by osmotic stabilization. The primary defect in these mutants is in cell wall growth, organization of cortical actin, or both (Novick and Botstein, 1985; Costigan et al., 1992; Mulholland et al., 1994) . A function for the Pkc1 pathway specifically at the G1-S (swi4Δ) were grown to A 600 ϭ 0.4 in liquid YEPD medium at 25°C, First, Mpk1 activity is stimulated at the G1-S boundary, fixed in ethanol (70%) and stained with propidium iodide. The FACS concomitant with bud emergence (Zarzov et al., 1996) . profiles of (A) JO31-3A and (B) JO51-2C cells are shown. The Activation appears to be partially dependent on Cdc28 percentage of cells with 1N DNA content (Ϯ 4%) derived from these (Marini et al., 1996; Zarzov et al., 1996) . Second, mpk1
plots is shown as a bar (filled) and compared with the percentage of unbudded cells (Ϯ 2%) in the same samples determined by mutants and certain pkc1 alleles exacerbate the growth microscopy, also shown as a bar (hatched) on the same scale.
defects of certain G1-defective cdc28 alleles (Mozzoni et al., 1993; Marini et al., 1996) . Third, Pkc1 pathway mutants can be partially suppressed by overexpression of BCK2, a CLN3-independent activator of G1/S-specific came to re-examine the terminal phenotype of SWI4-defective strains in the S288C background. transcription (Lee et al., 1993b; Di Como et al., 1995) .
Here we find that swi4 mutants are defective primarily Haploid swi4Δ cells growing at permissive temperature (25°C) in rich (YEPD) medium displayed a much higher in bud emergence and that overexpressing PKC1 suppresses this growth defect by a Cln1-and Cln2-dependent fraction of unbudded cells (65%) than do wild-type cells (42%) ( Figure 1A and B). The unbudded cells contained mechanism. Our observations suggest that the Pkc1 pathway functions downstream of Cln1 and Cln2 to control a single nucleus as judged by 4Ј,6Ј-diamidino-2-phenylindole (DAPI) staining (data not shown). Fluorescence bud morphogenesis. We also describe a novel dosedependent suppressor of swi4 mutations, HCS77, which activated cell sorting (FACS) analysis of these cells revealed, surprisingly, that the majority have 2N DNA encodes a putative transmembrane protein. Mutants lacking HCS77 display phenotypes similar to those of mutants content ( Figure 1B ). Hence a large proportion of swi4Δ cells under permissive conditions are unbudded but have defective in the known components of the Pkc1 pathway. Hcs77 appears to be a novel component of the Pkc1 undergone DNA synthesis. In contrast, for wild-type cells, the fraction of unbudded cells matches the fraction of pathway and is a candidate protein for sensing deformation of the plasma membrane induced by heat shock. cells with 1N DNA content ( Figure 1A ). These data demonstrate that, even under permissive conditions, swi4Δ cells are impaired primarily in bud emergence. When the
Results
exponentially growing swi4Δ haploid cells in YEPD medium were shifted to high (i.e. restrictive) temperature swi4 mutants are defective in bud emergence Haploid swi4Δ mutants (S288C strain background) are (37°C), they accumulated with a higher fraction of unbudded cells (79%), again with one nucleus and largely with temperature sensitive for growth, whereas a/α swi4Δ/ swi4Δ diploids do not proliferate at any temperature.
2N DNA content (data not shown). We conclude that swi4Δ mutants show a bud emergence defect at both When an a/α swi4 ts /swi4Δ strain is shifted to the restrictive temperature, the cells arrest as large, unbudded cells with permissive and non-permissive temperatures. High-copy plasmids carrying either CLN1 or CLN2 a single nucleus (mixture of 1N and 2N DNA content) (Ogas et al., 1991) . Growth can be restored to these strains efficiently suppress the growth defects of swi4Δ and swi4 ts mutants (Ogas et al., 1991) . We found that these plasmids by high-copy plasmids carrying one of the G1 cyclin genes, CLN1 or CLN2. It was concluded that swi4 mutants also corrected the bud emergence defect of haploid swi4Δ mutants grown exponentially at low temperature (25°C) arrest in the G1 phase of the cell cycle under restrictive conditions (Ogas et al., 1991) . In the course of analyzing on synthetic medium (54% unbudded) relative to the vector control (73% unbudded) (Table I ; data not shown). other dose-dependent suppressors of the swi4 defect, we
We investigated if overproduction of other Cdc28-associa/α swi4Δ/swi4Δ diploids display the same defect at all temperatures (Ogas et al., 1991; this work) . We found ated cyclins could rescue the swi4 growth defect efficiently. We found that CLN3-2 (DAF1-1), which encodes a hyperthat the presence of a high-copy plasmid carrying the PKC1 gene efficiently suppressed the growth defects of stable allele of Cln3 (Cross, 1988) , or a high-copy plasmid bearing CLB5 are poor suppressors of the swi4 defect both temperature-sensitive and deletion mutants of SWI4 at 37°C on rich (YEPD) and synthetic media ( Figure 2B ; (Figure 2A ; data not shown). These findings support the contention that the swi4 defect is due primarily to a Cln1-data not shown) and in both haploid and homozygous a/ α diploid mutant strains ( Figure 2B ; data not shown). The and Cln2-dependent process, most likely bud emergence.
suppression of the swi4 defect was due to overexpression
Overproduction of Pkc1 suppresses the growth of PKC1 and not an adjacent gene, since a plasmid bearing defect of swi4 mutants an epitope-tagged version of PKC1 under control of the As noted above, haploid swi4 mutants are temperature GAL1,10 promoter (Watanabe et al., 1994) suppressed the sensitive for growth and exhibit a bud emergence defect; mutant growth defect only when grown on galactose (data not shown). In contrast, expression of Pkc1-K853R, encoding a catalytically inactive version of the kinase Table I . Overexpression of PKC1 or CLN2 partially corrects the (Watanabe et al., 1994) , from the GAL1,10 promoter did (Lee and Levin, 1992 mpk1Δ segregants at the expected frequency on YEPD indeed exacerbates the budding defect of swi4 mutants. We next determined whether inhibition of the Pkc1 pathway by expression of a catalytically inactive Pkc1 protein inhibited growth of swi4 mutant cells. Although second branch is not known (Lee and Levin, 1992) . Activation of either or both branches may be required for expression of Pkc1-K853R from the GAL1,10 promoter did not inhibit growth of wild-type cells (Watanabe et al. , suppression of the swi4 defect. A high-copy plasmid bearing MPK1 or a plasmid carrying the BCK1-20 allele 1994; Figure 8A ), it strongly inhibited the growth of haploid swi4Δ cells at all temperatures ( Figure 3A ; data which encodes a partially activated version of the MEK kinase did not suppress the growth defects of haploid not shown). To determine the terminal phenotype of the swi4Δ mutant expressing Pkc1-K853R, transformants were swi4Δ mutants or of diploid a/α swi4 ts /swi4Δ mutants (data not shown) at high temperature. However, these grown to mid-log phase at 30°C in synthetic medium containing raffinose (uninduced condition) and then diluted constructs are only weakly activating for the pathway (Lee and Levin, 1992; Lee et al., 1993b; D.Levin, unpub- into galactose-containing medium at the same permissive temperature (induced condition). Cells harboring either lished data), and the BCK1-20 allele alone confers a growth defect at high temperature. The results are thus the vector control or overexpressing wild-type Pkc1 from the GAL1,10 promoter continued to grow and displayed inconclusive.
no obvious phenotype (Figure 3B and C; data not shown).
In contrast, cells overexpressing Pkc1-K853R ceased pro-PKC1 overexpression bypasses the essential function of Swi4 liferating ( Figure 3B ), accumulating preferentially as large unbudded cells (78% unbudded compared with 61% High-copy PKC1 could suppress the swi4 mutant growth defect by substituting for or by bypassing the need unbudded for the vector control) with a single nucleus as judged by DAPI staining ( Figure 3B , data not shown). for Swi4 function. To discriminate between these two possibilities, we determined whether overexpression of FACS analysis of the arrested cells indicates that most had 2N DNA content (data not shown). We conclude that PKC1 restored transcription to Swi4-dependent promoters. The HO gene contains multiple SCB elements in its overexpression of catalytically inactive Pkc1 exacerbates the bud emergence defect of swi4 mutants. promoter region, and its transcription is absolutely dependent on Swi4 (reviewed in Nasmyth, 1993) . We found that overexpression of PKC1 did not restore expression to the Pkc1 suppression of the swi4 growth defect requires Cln1 and Cln2 HO-lacZ gene in a haploid swi4Δ mutant grown at 25°C (Table II) . Furthermore, overexpression of PKC1 in swi4
Overproduction of Pkc1, Cln1 or Cln2 suppresses the swi4 growth defect by promoting bud emergence (see above). mutants or in wild-type cells did not boost expression of a synthetic reporter gene driven by multimerized SCB (or To explore the possibility that the Pkc1 pathway and these cyclins act in the same pathway, we tested if a subset of MCB) elements (data not shown). Elevated Pkc1 pathway activity thus did not simply replace Swi4 function but the G1 cyclins is required for the ability of PKC1 overexpression to suppress the swi4 growth defect. We rather relieved the growth defect.
utilized a congenic series of haploid strains containing a swi4 ts allele in combination with deletions of one or more
The Pkc1 pathway affects bud emergence We next tested if overexpression of PKC1 mimicked of the CLN genes and observed that overproduction of Pkc1 could efficiently suppress the growth defects of overexpression of CLN1 or CLN2 (see above) in correcting the bud emergence defect of swi4 mutants. We found that swi4 ts strains deleted for any one of the G1 cyclin genes CLN1, CLN2 or CLN3 (Table III) . In contrast, high-copy swi4Δ strains harboring a high-copy number PKC1 plasmid budded more efficiently (44% budded cells) than the PKC1 did not suppress the growth defect of the congenic swi4 ts cln1Δ cln2Δ triple mutant even at semi-permissive vector control (27% budded cells) during exponential growth in synthetic medium under permissive conditions temperature (Table III) . We also found that high-copy PKC1 did not suppress the growth defect of a swi4 ts (25°C) ( Table I ). This effect mirrors that seen when CLN2 is overexpressed (see above; Table I ). The congenic mbp1Δ double mutant, although expression of CLN2 could ( Figure 4 , Table III ). Given that the residual transcription wild-type strain harboring the vector alone budded most efficiently (54% budded cells) ( Table I) . We conclude that of CLN1 and CLN2 in swi4 mutants is dependent on the Mbp1 transcription factor, we conclude that residual overexpression of PKC1 mimics overexpression of CLN2 in partially restoring efficient budding to haploid swi4Δ expression of the CLN1 and CLN2 genes is absolutely required for PKC1 overexpression to suppress the swi4 cells.
We tested if inhibition of the Pkc1 pathway exacerbates defect. We have also found that high-copy PKC1 is an efficient suppressor of the growth defect of swi4 ts pcl1Δ the bud emergence defect of swi4 mutants. We first constructed mutant strains in the S288C strain background pcl2Δ mutants (J.V.Gray, unpublished work), indicating that the major Pho85-associated cyclins are not required defective in SWI4 and MPK1. Sporulation of a SWI4/ swi4Δ MPK1/mpk1Δ diploid strain yielded swi4Δ and for suppression by Pkc1 (Ogas et al., 1991; Espinosa et Measday et al., 1994) . The above data indicate find convincing evidence that the Pkc1 pathway directly affected transcription at the G1-S boundary. The expression of some genes was somewhat reduced in mpk1Δ overexpression of CLN1 or CLN2 from high-copy plasmids or from heterologous promoters did not suppress the mutants, but only under restrictive conditions, probably as a secondary result of cell lysis (J.V.Gray, unpublished growth defects of mutants defective in the Pkc1 pathway, including pkc1Δ, pkc1 ts , bck1Δ and mpk1Δ in either the work). Furthermore, we found that the transcription factor Rlm1, which may be a target of Mpk1 kinase (Dodou and S288C or EG123 strain backgrounds (data not shown). These negative results are consistent with the view that Treisman, 1997), was not required for overexpression of PKC1 to suppress the swi4 ts growth defect efficiently the Pkc1 pathway does not act upstream of the G1 cyclins. The Pkc1 pathway is activated at the G1-S transition (J.V.Gray, unpublished work). In addition, we found that Fig. 4 . Restoration of growth to SWI4-deficient strains at high temperature by PKC1 overexpression requires Mbp1. The haploid swi4 ts mbp1Δ strain (JVG284) was transformed with the high-copy plasmids YEp352 (vector), pDL289 (pPKC1), pJO21 (pCLN2) and pB3.2A (pSWI4) as a positive control. The transformants were streaked on Ura drop-out plates and incubated for 3 days at the lowest restrictive temperature (30°C) for this strain.
and functions downstream of Cdc28 kinase activity (Marini et al., 1996; Zarzov et al., 1996) . Our findings are consistent with these observations and indicate that the Pkc1 pathway promotes bud emergence in a Cdc28-Cln1-and Cdc28-Cln2-dependent process, at least in a swi4 mutant background. To test if the Pkc1 pathway and the CLNs play redundant roles in SWI4 ϩ cells, we examined the consequence of combining mutations in MPK1, CLN1, CLN2 and CLN3. Sporulation of a CLN3/cln3Δ MKP1/ mpk1Δ diploid yielded healthy single and double mutant spores on YEPD medium at 25°C. Sporulation of a CLN1/ cln1Δ CLN2/cln2Δ MPK1/mpk1Δ diploid strain yielded viable single and double mutant spores on YEPD at 25°C ( Figure 5B ) except for mpk1Δ cln1Δ cln2Δ segregants, which grew very slowly at 25°C and not at all at higher temperatures ( Figure 5A ), even when supplemented with sorbitol (10%). We conclude that mpk1Δ mutations are synthetically lethal with cln1Δ cln2Δ mutations, consistent with the view that the Pkc1 pathway and Cln1 and Cln2 function in the same process. These data also indicate that Cln1 and Cln2 also have Mpk1-independent functions and that Mpk1 has Cln1-and Cln2-independent functions (Figure 10 ).
HCS77 is a novel dose-dependent suppressor of swi4 and encodes a putative cell surface type I transmembrane protein HCS77 was found as a dose-dependent suppressor of (Ogas et al., 1991) . Overexpression of HCS77 on YEPD plates supplemented with sorbitol (10%). The resulting suppresses the growth defect of both swi4 ts and swi4Δ single, double and triple mutant haploids were identified by virtue of alleles in both haploids and a/α diploids ( Figure 6A ; data genetic markers, and the cells were streaked on YEPD plates and not shown). In addition, the plasmid suppresses the growth incubated at (A) 30°C and (B) 25°C for 3 days.
defect of a/α swi4Δ/swi4Δ strains at ambient temperature. HCS77 is thus a dose-dependent, bypass suppressor of the swi4 defect. The suppression is not allele specific, cell XV; nucleotide sequence under GenBank accession Nos Z74916 and U39481 (Sterky et al., 1996) . The gene type specific or temperature dependent.
The HCS77 open reading frame (ORF) was identified encodes a putative protein of 378 amino acid residues which lacks striking similarity to any other proteins by transposon mutagenesis of the original plasmid that suppressed the swi4 -defect and by subcloning into a highor translated reading frames. Analysis of the predicted sequence of the Hcs77 protein revealed a hydropathy plot copy vector (see Materials and methods). The DNA sequence spanning HCS77 was determined and found to that strongly predicts a Type I transmembrane protein, with an N-terminal signal sequence and a single membranebe in agreement with that determined by the Yeast Genome Project: locus YOR008C on the left arm of chromosome spanning domain ( Figure 6B ). The putative N-terminal of the chromosomal copy of the reading frame with LEU2 (see Materials and methods). We found that haploid hcs77Δ mutants displayed phenotypes like those of mutants defective in the MAP kinase cascade of the Pkc1 pathway. The hcs77 mutants grew poorly at 37°C, most noticeably on rich, glucose-containing medium (data not shown). a/α hcs77Δ/hcs77Δ diploids displayed a more severe growth defect at high temperature than did the corresponding haploid mutants (as observed for bck1Δ and mpk1Δ mutants; Lee et al., 1993b; Mozzoni et al., 1993; J.V.Gray, unpublished data) , with a restrictive temperature in the S288C background of~30°C on YEPD ( Figure 6C ). Haploid hcs77Δ mutants also displayed a moderate mating defect, apparently due to death upon exposure to high concentrations of mating pheromones (J.V.Gray, unpublished data). Mutants lacking HCS77, like bck1Δ mutants (Costigan et al., 1992) , showed poor survival in stationary phase (J.V.Gray, unpublished data). Transfer of growing liquid cultures of a/α hcs77Δ/hcs77Δ mutants from permissive (25°C) to restrictive temperature (37°C) resulted in a rapid cessation of growth ( Figure 7A ), with accumulation of small-budded cells ( Figure 7C ) each with a single nucleus ( Figure 7C ) and with a DNA content intermediate between 1N and 2N, indicating incomplete replication ( Figure 7D ). These phenotypes are similar to those of mutants defective in the Pkc1 pathway (Lee et al., 1993a,b) . These small-budded cells also stained intensely with the vital dye methylene blue, indicating that they were dead rather than arrested ( Figure 7B ). Loss of viability correlated with the appearance of small-budded cells (Figure 7A and B; data not shown). We found that the growth defect of hcs77Δ mutants was suppressed efficiently by osmotic stabilization, in particular, by 10% sorbitol ( Figure 6C ) or by 1 M sorbitol, 0.5 M sodium chloride or 0.5 M potassium chloride (data not shown). All these phenotypes are like those of mutants defective in genes of the Pkc1 pathway (Lee et al., 1993b ; Costigan suppressed efficiently by osmotic stabilization (data not shown). Similarly, we found that although haploid pkc1Δ extracellular/lumenal domain is rich in serine and threonine residues and shows the highest sequence similarity to and hcs77Δ pkc1Δ double mutants are inviable at all temperatures on YEPD medium, both were suppressed the serine/threonine-rich, extracellular domains of heavily glycosylated proteins on the cell surface, including aggluefficiently by osmotic stabilization at ambient temperature (data not shown), the condition where Pkc1 pathway tinins and lectins. The small intracellular C-terminal domain shows limited sequence similarity to predicted activity is neither elevated nor required (Kamada et al., 1995) . Deletion of HCS77 does not exacerbate the growth intracellular domains of a number of ORFs encoding other putative transmembrane proteins.
defects of strains lacking known components of the Pkc1 pathway. These observations support the view that Hcs77 functions in the Pkc1 pathway.
Mutants defective in HCS77 share phenotypes with mutants defective in the Pkc1 pathway
If Pkc1 activity is dependent on Hcs77, then we would expect hcs77 mutants to be very sensitive to reduction in To determine the role of Hcs77 in cell growth, we constructed an hcs77 null allele by replacing the majority Pkc1 activity. To test this, we determined whether the growth of hcs77 mutants is particularly sensitive to expresWe conclude that Hcs77 displays the hallmarks of a component of the Pkc1 pathway that may act upstream of sion of catalytically inactive Pkc1 protein. Expression of Pkc1-K853R from the GAL1,10 promoter did not inhibit Pkc1. We resolved to address the question directly by measuring the activity of the MAP kinase, Mpk1, in growth of wild-type cells ( Figure 8A ). In contrast, expression of this protein on standard galactose-containing congenic wild-type and hcs77Δ mutant strains. medium strongly inhibited growth of haploid hcs77Δ cells at all temperatures ( Figure 8A ; data not shown). We Basal and heat shock induction of Mpk1 activity is severely compromised in hcs77 mutants conclude that on media lacking osmotic stabilization, partial inhibition of Pkc1 activity is detrimental to hcs77
We examined the heat shock induction of Mpk1 kinase activity in both wild-type and hcs77 mutants in the mutant cells but not to wild-type cells. These findings are consistent with Hcs77 being an upstream regulator of S288C background. Wild-type and mutant diploids were transformed with a plasmid encoding a hemagglutinin Pkc1 activity.
We next tested if overexpression of HCS77 could (HA) epitope-tagged Mpk1 (Kamada et al., 1995) . Transformants growing exponentially in liquid synthetic suppress the growth defects of mutations affecting the known components of the Pkc1 pathway. Although highmedium at 23°C were shifted to 39°C for 30 min. The Mpk1HA kinase was immunoprecipitated and its activity copy HCS77 was an excellent suppressor of the swi4 defect, it did not suppress the growth defects of haploid assayed both before and after heat shock using myelin basic protein as an in vitro substrate (Kamada et al., pkc1 ts , pkc1Δ, bck1Δ or mpk1Δ mutants (EG123 background) (data not shown). Hcs77 is thus unlikely to act 1995). We found that the wild-type and hcs77 mutant strains exhibited similar, low-level Mpk1 kinase activity downstream of the Pkc1 MAP kinase cascade. We next tested if overexpression of PKC1 could suppress the when growing at 23°C, although activity in hcs77 mutants was consistently lower than in the wild-type strain ( Figure  hcs77Δ growth defect. Although we found that high-copy PKC1 was only a weak suppressor of the temperature-9). However, the heat induction of Mpk1 kinase activity was severely compromised in the hcs77 mutant relative sensitive growth defect of a/α hcs77Δ/hcs77Δ (data not shown), it did significantly alleviate the lysis defect of to wild-type: the mutant exhibited Ͻ15% of the wild-type induction ( Figure 9 ). This result strongly suggests that the mutant under both permissive and non-permissive conditions ( Figure 8B ). These data suggest that Pkc1 acts Hcs77 is a component of the Pkc1 pathway, and that it acts upstream of Mpk1. downstream of Hcs77. 1996) . The protein encoded by HCS77 appears to be a component of the Pkc1 pathway by two criteria. First, The SWI4 gene appears to be a key regulator of the G1-S hcs77Δ mutants behave like mutants defective in comtransition in budding yeast. It controls the transcription of ponents of the Pkc1 MAP kinase cascade. Second, hcs77 many genes in that interval of the cell cycle, including mutants are defective in heat shock activation of Mpk1, CLN1 and CLN2, which encode cyclins for Cdc28, and the MAP kinase of the Pkc1 pathway. We propose that PCL1 (previously known as HCS26), which encodes a Hcs77 is an upstream component of the Pkc1 pathway cyclin for the Cdc28-related kinase, Pho85. It had been which may monitor membrane stress. The ability to thought previously that swi4 mutants in certain strain relieve the bud emergence defect of swi4 mutants by backgrounds arrest in the G1 phase of the cell cycle under overexpression of Pkc1 or Hcs77 can be explained by the restrictive conditions (Ogas et al., 1991) . Here we provide proposal that Cdc28-Cln1 or Cdc28-Cln2 are limiting evidence that these mutants are defective in bud emergence for activation of the Pkc1 pathway in these mutants. but are able to carry out DNA synthesis. Spindle pole Apparently, overproduction of Cln1 or Cln2 restores body duplication, the third major event at the G1-S adequate Cdc28-Cln1 or Cdc28-Cln2 function for this transition, has not been examined. Insights into the reguactivation and consequent bud emergence, and overproduclatory steps controlled by Swi4 have been gleaned by tion of Hcs77 or Pkc1 provides adequate activation in the isolating high-copy plasmids that overproduce various presence of low CLN levels. products which allow cells to grow in its absence (Ogas et al., 1991; this work) . Because of the nature of the swi4 mutants are defective in bud emergence SWI4 deficiency, these products identify targets or affect We find that swi4Δ mutants are specifically defective processes that act after Swi4 to stimulate bud emergence.
in bud emergence at both permissive and restrictive Indeed, included in this group of high-copy suppressors temperature. Budding and DNA synthesis, which are are CLN1 and CLN2 whose protein products are thought normally coordinately initiated at the G1-S transition, are to play particularly important roles in early bud morphouncoupled in swi4Δ mutants (Figure 1 ). Although we do genesis (Lew and Reed, 1993) . not yet fully understand the nature of this uncoupling, we Here we describe two other high copy suppressors of hypothesize that the reduced expression of CLN1 and the swi4 growth defect, HCS77 and PKC1, and have CLN2 in these mutants provides sufficient levels of cyclin shown that they affect a common process, the Pkc1 MAP proteins to stimulate degradation of Sic1, which then kinase pathway. This pathway is activated at the G1-S allows DNA synthesis to proceed (Schneider et al., 1996 ; transition at the time of bud emergence (Zarzov et al., Tyers, 1996) but provides insufficient levels of cyclins to 1996), and its activation in part requires the function of drive efficient bud emergence. Cdc28 (Marini et al., 1996; Zarzov et al., 1996) . The
In both haploid and a/α strains lacking SWI4, overPkc1 pathway is also activated by heat shock and other membrane stresses (Kamada et al., 1995; Davenport et al., expression of CLN1 or CLN2, whose gene products are heat shock. Pkc1 regulates bud emergence and surface growth via (JO347) strains were transformed with pDL922 expressing Mpk1HA.
Mpk1 alone or via Mpk1 and the other unknown target of Pkc1 (?). Transformants were grown at 25°C in Ura drop-out medium and Aberrant surface growth (e.g. induced by heat shock) activates Hcs77 shifted to 39°C for 30 min. Extracts were prepared from each sample and thereby stimulates the Pkc1 pathway to try to correct or and Mpk1HA immunoprecipitated using the 12CA5 antibody (Ab). In compensate for the defect. one sample a mock precipitation without antibody was performed to determine non-specific kinase activity in the strain background. The in bud emergence. In the cases of cdc24-ts and cdc42-ts in vitro kinase activity of the precipitates was determined using myelin mutants, which appear unable to localize surface growth basic protein (MBP) as substrate and assaying incorporation of 32 P from radioactive ATP by autoradiography of SDS-PAGE gels. (Drubin and Nelson, 1996) , the loss of gene activity results or CLN2 (J.V.Gray, unpublished data). swi4Δ strains also display secondary phenotypes associated with a budding implicated in promoting bud emergence at the G1-S and morphology defect even under permissive conditions, transition and actin polarization during early bud growth i.e. large cell size and a mitotic delay. As expected for (Lew and Reed, 1993) , is sufficient to rescue the growth large cells, some cell lysis is clearly evident in cultures, and budding defects of swi4Δ mutants (Ogas et al., 1991;  especially at high temperature (J.V.Gray, unpublished Figure 2B ; Table I ). In contrast, we find that CLN3-2 data). Cell lysis appears, however, to be a secondary (DAF1-1), coding for a hyper-stable version of the Cln3 consequence of the primary budding and morphology protein, is a very poor suppressor of the swi4 growth defect since arrested cells continue to increase in size for defect ( Figure 2A ) even though it is a potent activator of many hours after ceasing proliferation, as seen for other the G1-S transition in SWI4 ϩ cells (Cross, 1988) . These cell cycle arrest mutants (Molero et al., 1993) . observations indicate that swi4 mutants are limited by the The budding and proliferation defects of swi4 mutants activity or function of the specific subset of CLNs, Cln1
are not due simply to reduced expression of the CLN1 and Cln2, implicated in promoting bud emergence and and CLN2 genes, since complete deletion of both cyclin morphogenesis.
genes in otherwise wild-type cells merely increases the a/α cells lacking SWI4 exhibit a more severe growth average cell size at START, with no dramatic budding or defect than a or α haploid swi4 mutants, being unable to proliferation defects (Reed, 1992 ; J.V.Gray, unpublished grow at all temperatures (Ogas et al., 1991) . The more data). swi4 mutants are defective in the expression of severe growth defect in a/α cells may result in part from many genes at the G1-S transition, and their growth reduced transcription of CLN2 due to repression of the defects must result from the cumulative sum of these RME1 gene product, a SWI4-independent activator of expression defects. However, swi4 mutants are clearly CLN2 transcription which is not expressed in a/α cells limited by Cln1 and Cln2 activity (Ogas et al., 1991) and (Toone et al., 1995) . The temperature-sensitive growth by Pkc1 pathway activity (this work) in promoting bud defect of haploid swi4Δ mutants may result from inemergence. adequate activity of the Pkc1 pathway (see below), which is required for viability at high temperatures (Kamada The Pkc1 MAP kinase pathway promotes bud emergence in a Cln1-and Cln2-dependent process et al., 1995) .
The budding defect of swi4 mutants is unique and quite Mutants lacking Swi4 activity behave like mutants partially defective in the Pkc1 pathway. Their growth defect is distinct from that of other mutants known to be defective rescued by activation of the Pkc1 pathway ( Figure 2B) and Madden et al. (1997) . Our observations, therefore, support our proposal that the Pkc1 pathway functions and is exacerbated by partial inhibition of the pathway, e.g. by mutation and by expression of a catalytically downstream of Cln1 and Cln2 in promoting bud emergence and morphogenesis (Figure 10 ). inactive Pkc1 protein ( Figure 3A-C) . We have found that swi4 mutants are supersensitive to staurosporine, an
We have further presented evidence that Cln1 and Cln2 share a common function with the Pkc1 pathway in cells inhibitor of PKC isozymes in both mammalian and yeast cells (J.V.Gray, unpublished data). We have also observed carrying a functional SWI4 gene. In particular, we have observed that mutants lacking the CLN1 and CLN2 genes that the high temperature growth defect of haploid swi4Δ mutants, but not the growth defect of a/α swi4Δ/swi4Δ in combination with the MPK1 gene display a growth defect much more severe than that of any single or double mutants, is partially rescued by a high osmolarity growth medium (J.V.Gray, unpublished data). The mechanism of mutant combination ( Figure 5 ). These observations support the idea that these Clns and the Pkc1 pathway play a this partial suppression has not been examined in detail but may result from osmotic stabilization of large arresting partially redundant role in cellular morphogenesis at the G1-S transition and in SWI4 ϩ cells (Figure 10 ). cells or from activation of the HOG pathway (Brewster et al., 1993) . Interestingly, high osmotic strength also It has been reported that mpk1Δ mutants display reduced expression of a number of genes encoding cell wall suppresses the growth defects of mutants deficient in the Pkc1 pathway, at least in part because this pathway is not components (Igual et al., 1996) , although the effects are modest and may be secondary consequences of cell lysis. active and hence not required under high osmolarity growth conditions (Kamada et al., 1995) . All these observ- Dodou and Treisman (1997) recently have suggested that Mpk1 may in part regulate the transcription factor Rlm1, ations are consistent with swi4 mutants being in part defective in Pkc1 pathway activity.
whose sites may be found upstream of many of these potential target genes. However, we have found that We have presented two lines of evidence indicating that the Pkc1 pathway can activate bud emergence in yeast, overexpression of PKC1 can suppress swi4 mutants when RLM1 is deleted (J.V.Gray, unpublished data). Thus the as revealed most clearly in the context of swi4 mutants. First, activation of the Pkc1 pathway (e.g. by overexpresmechanism by which the Pkc1 pathway promotes bud emergence and morphogenesis does not involve Rlm1-sion of PKC1) efficiently suppresses both the budding and growth defects of swi4Δ mutants ( Figure 2B ; Table I ). dependent effects on gene expression. Madden et al. (1997) have suggested that Mpk1 may Second, inhibition of signaling through the Pkc1 MAP kinase pathway by various means (mutation in MPK1 or activate Swi4 to stimulate PCL1 and PCL2 expression, although the effects are again modest and may not be a dominant-negative pkc1 mutation) greatly exacerbates the budding defect of swi4 mutants ( Figure 3A-C) . These direct. We have shown that the Pkc1 pathway stimulates bud emergence when SWI4 is deleted (Figure 2 ; Table I ) observations support the view that the Pkc1 MAP kinase pathway plays a role at the G1-S transition (Mozzoni and independently of PCL1 and PCL2 (J.V.Gray, unpublished data). Therefore, the Pkc1 pathway promotes bud et al., 1993; Marini et al., 1996; Zarzov et al., 1996) and that role is as an activator of bud emergence.
emergence and morphogenesis by a mechanism different from that proposed by Madden et al. (1997) (Figure 10 ). Earlier studies showed that activity of the Pkc1 pathway is stimulated specifically at the G1-S transition concomit-
The Pkc1 pathway appears to be involved in two processes during vegetative growth; modulating cell surant with bud emergence (Zarzov et al., 1996) and that its activity is partly compromised in cdc28 mutants (Marini face growth in response to surface stresses and modulating bud emergence and polarized cell surface growth in et al., 1996; Zarzov et al., 1996) . These observations suggest that Cdc28-cyclin activity can directly or inresponse to Cln1 and Cln2 activity (Figure 10 ). Given our ignorance of the upstream regulators and downstream directly activate the Pkc1 pathway at the G1-S transition. Our findings provide genetic support for this view and targets of the Pkc1 pathway, we cannot yet comment on the detailed mechanisms involved or say whether these further indicate that activity of the Pkc1 pathway is dependent specifically on Cdc28-Cln1 and Cdc28-Cln2.
functions derive from the same or distinct sets of regulators and effectors. In particular, we have shown that overproduction of either Pkc1 or the G1 cyclins (Cln1 or Cln2, but not Cln3) suppresses the bud emergence and growth defects of swi4Δ HCS77 encodes a putative cell surface receptor for the Pkc1 pathway mutants (Figure 2A and B) . Hence, Cln1, Cln2 and Pkc1 must affect a common limiting function in swi4 mutants Several observations indicate that Hcs77 functions in the Pkc1 pathway and may be an upstream activator of the and thus may act in a common pathway. We have also found that suppression of the growth defect of swi4 pathway. First, we found that overexpression of HCS77 mimics overexpression of PKC1 by suppressing the growth mutants by overexpressing PKC1 absolutely requires either CLN1 and CLN2 (Table III) or MBP1, the transcription defect of swi4 mutants. Second, we observed that hcs77 null mutants display phenotypes like those of mutants factor responsible for residual expression of CLN1 and CLN2 in the absence of Swi4 (Figure 4) . These observdefective in the Pkc1 pathway, notably an osmoticremedial cell lysis defect with a terminal phenotype of ations indicate that the role of the Pkc1 pathway in promoting bud emergence, revealed in the context of swi4 small-budded cells. In addition, hcs77 mutants are inviable when exposed to α-factor (J.V.Gray, unpublished data), mutants, is absolutely dependent on residual Cln1 and Cln2. We have found no convincing evidence to suggest which has been noted for mpk1 mutants (Errede et al., 1995; J.V.Gray, unpublished data) , and are synthetically that the Pkc1 pathway affects CLN1 or CLN2 expression in either the presence or absence of Swi4 (J.V.Gray, lethal in combination with swi4, as are mpk1 mutants. Third, hcs77 mutants are hypersensitive to partial inhibiunpublished work), in agreement with Igual et al. (1996) tion of Pkc1 function, suggesting that Pkc1 may not be Protein kinase C in cell proliferation Much of signal transduction and the machinery that fully active in the mutant ( Figure 8A ).
regulates cell proliferation is conserved between yeast and We have made two observations that support the view larger eukaryotes. Although there has long been evidence that Hcs77 functions upstream of Pkc1. First, we have linking activation of various PKCs and proliferation in a found that the lysis defect of hcs77 mutants at high variety of mammalian cell lines, the plethora of isozymes temperature is partially suppressed by overexpression of has greatly complicated definitive analysis (Newton, PKC1 ( Figure 8B ). The partial suppression may reflect 1995). Recently, the RHO-like GTPases have been strongly that in the absence of Hcs77, overproduction of Pkc1 may implicated in regulating both cell morphogenesis and be less activating than in its presence or that Hcs77 proliferation in many mammalian cell types (Ridley, 1996) . activates other processes in addition to the Pkc1 pathway.
One subclass of these GTPases directly activates a subset Second, we have found that heat-induced activation of the of PKC-like kinases, reflecting the regulation of yeast Pkc1 pathway, as monitored by assaying the activity of Pkc1 by Rho1 (Ridley, 1996) . The parallels between Mpk1 in vitro, is severely compromised in hcs77 mutants mammalian cells and yeast are striking, and offer hope (Figure 9 ). These data strongly support the model that that studies of PKC isozymes in a variety of systems will Hcs77 is an upstream activator of the Pkc1 pathway and shed common light on how cell morphogenesis and that it is necessary for response to a heat-induced signal proliferation are coupled. (Figure 10 ).
It has been suggested that the heat activation of the Pkc1 pathway is mediated by the cell sensing the state of 
